This review describes the properties and interactions of the top quark, to date the most massive fundamental particle discovered by experiment. We describe the measurements of the rate of pair production via the strong interaction and the techniques used to elucidate evidence for single production via the electroweak interaction. We also discuss investigations of the properties of the top quark, including potential beyond the standard model production and decay mechanisms. We pay particular attention to the explanation of the recent advances in the precision measurement of the top quark mass.
INTRODUCTION
The top quark is the most massive fundamental particle known to mankind. It was discovered (1) in 1995 by the CDF and DØ experiments at the Fermi National Accelerator Laboratory in collisions between protons and antiprotons at a center-of-mass energy of √ s = 1.8 TeV. In the run that lasted from 1991 to 1995, the experiments each accumulated about 100 pb −1 of collision data. The rate for quantum chromodynamics (QCD) production of a pair of top and antitop quarks, pp → tt, at this energy is about 5 pb (2), which implies that only about 500 collisions produced top quarks during this period. This is very rare compared to the billion-times-larger total inelastic interaction rate of about 60 mb. Given the online and offline efficiencies of the experiments' event selections, only about 50 events consistent with tt production were identified. Even so, the top quark mass was measured rather precisely in this data set mainly because of its large value, 178.0 ± 4.3 GeV/c 2 (3), which allowed accurate reconstruction of the top quark decay products. The large value of the top quark mass surprised physicists. The top quark mass is about double that of the electroweak W and Z bosons, the next most massive known particles, and approximately 35 times larger than that of the bottom quark, the next most massive fermion. Even more surprising is the fact that the corresponding top quark Yukawa coupling is very close to unity; in other words, the top quark mass is very close to the minimum of the electroweak symmetry breaking (EWSB) potential. This fact prompted the creation of models wherein the top quark plays a special role in the process of EWSB (4) . To experimentalists, it meant that none of the standard model predictions for the properties of the top quark could be taken for granted and that all of them required experimental verification.
A detailed investigation of the properties of the top quark is one of the primary motivations for run II of the Tevatron, which commenced in 2001 and is expected to continue until 2009. The CDF and DØ detectors underwent extensive upgrades (5) , including replacement of the charged particle tracking detectors to improve the identification efficiency for top quark decay products. The energies of the proton and antiproton beams were raised by 80 GeV for a higher centerof-mass energy, √ s = 1.96 TeV, which increased the production rate for top quarks by 30%. By the end of 2007, improvements to the accelerator (6) had increased the maximum instantaneous luminosity tenfold to 2.5 × 10 32 cm −2 s −1 , about 100 pb −1 of collision data were delivered each month, and CDF and DØ had accumulated about 3000 pb −1 (3 fb −1 ) each. With this much larger sample of top quarks, CDF and DØ are carefully examining the properties of the top quark. In this review, we discuss results based on up to 2000 pb −1 .
Measuring the top quark pair production rate is an interesting test of QCD and a probe for new physics. A value larger than that predicted by the standard model would indicate additional production mechanisms, e.g., through an intermediate new massive Z boson, as predicted by the topcolor models (4), or production of additional particles that decay similarly to the top quark, e.g., a supersymmetric top quark (7) . We discuss the tt production cross section in Section 2. A comparison of the rates observed in the different top quark decay channels probes for nonstandard top quark decays, e.g., to a charged Higgs boson (8) . Other interesting topics we discuss in Section 3 include measurement of the top quark electric charge and the helicity of the W boson from top quark decay (9) . The top quark mass is a fundamental parameter of the standard model, which through radiative corrections to the W boson mass is connected to the mass of the standard model particle of EWSB, the as-yet-undiscovered Higgs boson (10) . Thus, the high-precision measurement of the top quark mass, which we describe in Section 4, is of the utmost importance for the Higgs boson search and for testing the consistency of the standard model. In Section 5 we present evidence for single top quark production via the electroweak interaction. Finally, in Section 6 we present our conclusions and the outlook for future measurements of top quark properties and interactions at the Tevatron and the Large Hadron Collider (LHC).
TOP QUARK PAIR PRODUCTION
Top quarks are produced in pairs via the strong interaction processes→ tt and gḡ → tt (illustrated in Figure 1 ). The theoretical prediction for the production rate is 6.7± 0.7 0.9 pb (2) for m top = 175 GeV/c 2 in pp collisions at √ s = 1.96 TeV, including all first-order and some secondorder corrections in α s . For pp collisions at √ s = 14 TeV, the predicted rate is 833± 52 39 pb (2). The factor-of-100 increase in rate at the LHC can be understood from a brief description of the structure of the proton. In principle, the proton is composed of three valence quarks (two up quarks and one down quark) bound together by gluons, the carriers of the strong force. The probability of finding a gluon with a fraction x of the proton's momentum grows extremely rapidly with decreasing x. At threshold for tt production at the Tevatron, each of the two initial partons must carry a large fraction x = 0.2 of the proton's momentum, so tt production is mostly (80-90%) from collisions between valence quarks. At the LHC, the initial partons only need a small fraction x = 0.02 of the proton's momentum, so tt production is mostly (90%) from collisions between gluons. Note that although antiquarks are by definition present in the antiproton at the Tevatron, they can easily fluctuate into existence at the required x inside one of the protons at the LHC.
In the standard model, a top quark decays via the electroweak interaction to a W boson and a b quark with a branching fraction of 99%. The large phase space for the decay results in a top
Figure 1
Feynman diagrams for top quark pair production.
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quark width of 1.5 GeV, for m top = 175 GeV/c 2 , and a very short top quark lifetime on the order of 10 −25 s. In contrast to all other quarks, this is not even enough time for hadronization into a meson or baryon. One interesting consequence of this brief lifetime is that the spin of the top quark is preserved in the angular distribution of the top quark decay products, thus any correlations between the directions of the spins of the top quark and the antitop quark are preserved as well.
There are three distinctive experimental signatures that are characterized by the number of charged leptons from the decay of the W + and W − bosons: (a) dilepton for tt → + 1 ν 1 − 2ν 2 bb, (b) single lepton for tt → νq 1q2 bb, and (c) all-hadronic for tt → q 1q2 q 3q4 bb. (In this paper, lepton refers either to electron or muon unless otherwise noted.) Due to the top quark's large mass, the decay products tend to have large transverse momenta and large angular separations. For experiments at a hadron collider, the data from the millions of collisions taking place each second must be rapidly sifted through to pick out the few hundred collisions per second that can be permanently stored for later detailed analysis. Top quark pair production is relatively rare. At an instantaneous luminosity of 2 × 10 +32 cm −2 s −1 (more informatively written as 0.2 nb −1 s −1 ), top quark pairs are produced on average once every 12 min at the Tevatron. At the LHC, the average rate is once every 7 s at this low luminosity (the design luminosity is 50 times higher). Fortunately, the presence of an isolated lepton with high transverse momentum is also quite rare at a hadron collider, which provides a highly efficient trigger for the dilepton and single lepton channels. The large number and high transverse momenta of the jets in the all-hadronic channel also allow a trigger with high efficiency and a rate low enough for the available bandwidth.
Dilepton
In the dilepton final state, the 11% branching fraction is sliced more finely into three channels with two like-flavor leptons, each with a 1.2% branching fraction (ee, μμ, τ τ ) and three channels with two unlike-flavor leptons, each with a 2.4% branching fraction (eμ, eτ , and μτ ). In order to measure the production rate from tt, one must estimate the contribution to this final state from several other processes. The three most important processes are (a) Z/γ → + − with associated jets, (b) W + W − → + ν −ν with associated jets, and (c) W → ν with associated jets where one of the jets fakes the detector signature of a lepton. Both the CDF and DØ experiments have obtained higher selection efficiencies by relaxing the lepton identification for the second lepton at the cost of larger background from fakes.
In general, the theoretical prediction for the absolute rate of vector boson production with a specific number of associated jets from QCD has a large theoretical uncertainty from missing higher orders in the calculation. Therefore, it is best to measure the rate from data whenever possible. For instance, the number of events from Z/γ → e + e − and Z/γ → μ + μ − with associated jets can be estimated directly from the data by measuring the number of events wherein the two leptons formed an invariant mass close to the Z boson mass, then extrapolating to the whole mass range using simulation.
It is also best to estimate from data the rate for jets that fake the detector signature for leptons. With the gigantic jet production rate at a hadron collider, even one-in-a-hundred-thousand fluctuations in jet fragmentation can lead to a significant number of jets that fake the detector signature of a lepton. For instance, a jet can mimic the signature in the detector of either an isolated electron (if there is a π 0 that leaves a large electromagnetic energy deposit in the calorimeter and a charged pion to provide a reconstructed track in the detector) or an isolated muon (if there is a charged kaon that decays in flight to a muon). Although simulation is generally adequate, it is not designed to predict accurately the rate of these rare fluctuations in jet fragmentation and detector response. A high statistics data sample collected with a jet trigger can be used to measure the rate at which jets are misidentified as leptons as functions of jet E T and η. Applying that data-derived rate to the jets in a single lepton data sample provides an estimate of the number of events with a fake lepton. Note that the physics processes listed above produce lepton pairs with opposite electric charges, but that events with a fake lepton are expected to produce equal numbers of lepton pairs with the same and opposite electric charges. Therefore, a simple estimate of the number of events with a fake lepton can be provided by twice the number of data events with two identified leptons bearing the same sign of electric charge. The good agreement between the background estimate and the data can be seen in the 0 and 1 jet regions of Figure 2 , which is for a CDF data sample of 1.2 fb −1 with two identified electrons or muons with high p T , and a significant imbalance in the observed transverse energy (missing E T ) from the undetected neutrinos. After requiring at least two jets, leptons with opposite electric charge, and at least 200 GeV of E T from the jets, leptons, and missing E T , CDF observes 77 events with an estimated background of 26 ± 6 events. With an estimated selection efficiency times branching fraction for tt of 0.8%, CDF measures 6.2 ± 1.0 stat ± 0.7 syst ± 0.4 lumi pb (11) , and DØ measures 6.2 ± 0.9 ± 0.8 0.7 ±0.4 pb in 1.0 fb −1 (12).
Single Lepton
In the single charged lepton final state, the 44% branching fraction is sliced up into three channels with different lepton types, each with a 14.5% branching fraction (e, μ, τ ). On average, the lepton, the neutrino, and the jets from tt have higher transverse energies and larger angular separations than those from W boson production with associated jets. Shown in Figure 3 is the output of an artificial neural network that has been trained on simulation to discriminate between tt and W+jets production based on differences in event kinematics and topology for data events with The distribution of a multivariate discriminant for events in the CDF single lepton channel with at least three jets and 0.8 fb −1 (13) . Abbreviation: ANN, artificial neural network.
one identified electron or muon, significant missing E T and at least three jets. The contribution from tt is estimated from a maximum likelihood fit to the data distribution. With an estimated selection efficiency times branching fraction for tt of 7%, CDF measures 6.6 ± 0.8 ± 0.4 ± 0.4 pb in 0.9 fb −1 (13) , where the dominant systematic uncertainty is from the modeling of the W +jets kinematics. With a similar technique, DØ measures 6.6 ± 0.8 ± 0.4 ± 0.4 pb in 0.9 fb −1 (14) .
Although two jets originate from B hadrons in each tt event, only a small percentage of the background events from W+ jets contains jets from B hadrons. Therefore, identification of jets from B hadrons (15) is key to obtaining a purer sample of events to study the properties of the top quark. Due to the long B hadron lifetime and the large boost of the high-p T B hadrons from top quark decay, many B hadrons travel several millimeters before decaying into several particles, as shown in Figure 4 . The precise position measurements (10 μm) of the innermost silicon detectors allow researchers to reconstruct the trajectory of the charged particles. Whereas most of the charged particles have trajectories that come close together at one point, called the primary vertex, some of the charged particles from the B hadron decay are signficantly displaced from this primary vertex and may have trajectories that come close together at a second point, called the secondary vertex, which is the reconstructed position of the B hadron decay. As about 10% of B hadron decays produce a muon, the presence of a muon inside a jet is another feature of B hadron decay. Jets with charm hadrons also produce the above signature, although charm hadrons have a shorter lifetime and lower mass. The most powerful identification (b-tag) algorithms utilize all of this information to identify jets that have a high probability of containing a B hadron. The efficiency of the best b-tag algorithm is 60% for a b jet with E T > 40 GeV. Due to the finite measurement resolution, a small fraction of jets without any long-lived particles have some significantly displaced charged particles that appear to come from a secondary vertex. In principle, these resolution effects produce secondary vertices on either side of the primary vertex at equal rates, and that symmetry can be exploited to estimate the misidentification rate. The typical false positive (mistag) rate is 1% for light flavor jets.
With the requirement of one or two b-tagged jets, Figure 5 shows the number of jets for a DØ data sample with a single lepton and significant missing E T . There still remains significant background from W boson production with associated heavy flavor jets. To avoid the large uncertainty on the theoretical prediction for the absolute rate, the ratio of the rate of this process to that for W boson production with associated jets of any flavor (16) is multiplied by the observed number of W+jets events before b-tagging. The effect of missing higher-order terms on this ratio is calibrated from data. For instance, DØ found that a correction factor of 1.17 ± 0.18 is required to obtain good agreement with data in the 2-jet region of Figure 5 .
There is also a contribution from QCD multijet production where one jet fakes a lepton and the finite-energy resolution of the calorimeter results in large missing E T . As the QCD events tend to have lower missing E T than W+jets and tt, a fit to the data missing E T distribution can determine the contribution from QCD. A data sample that models the QCD background can be obtained by reversing a few of the lepton identification requirements. Note that it is not recommended to reverse the isolation requirement or to assume that isolation and missing E T are uncorrelated, as semileptonic decays of heavy flavor hadrons produce both nonisolated leptons inside jets and increased missing E T due to undetected neutrinos. The number of predicted and observed events with a single b-tagged jet (left) and two or more b-tagged jets (right) as a function of jet multiplicity in the DØ single lepton channel with 0.9 fb −1 . The contribution from tt is normalized to the measured 8.0 pb (17).
DØ run II (0.9 fb
In 0.9 fb −1 , DØ observes 607 events across eight categories defined by an electron or muon, three or at least four jets, and one or at least two b-tagged jets. DØ measures 8.0 ± 0.5 ± 0.7 ± 0.5 pb (17). With 1.1 fb −1 , CDF measures 8.2 ± 0.5 ± 0.8 ± 0.5 pb (18).
All-Hadronic
In the all-hadronic final state with branching fraction of 46%, the major challenge is the huge background from QCD multijet production. A kinematic selection exploits the higher transverse energy and the more spherical distribution of jets from top quark decay to increase the signal:background ratio to 1:12. For events with between six and eight jets in 1.0 fb −1 , CDF observes 1020 events with 1233 b-tagged jets with an estimated background of 846 ± 37 b-tagged jets. The background b-tag rate is parameterized from data with exactly four jets. The kinematic selection efficiency times branching fraction for tt is about 5%, and on average there are 0.95 b tags per tt event. With the excess ascribed to tt production, CDF measures 8.3 ± 1.0 ± 
Pair Production Mechanism
The fusion of initial-state gluons is predicted to produce between 10% and 20% of top quark pairs at the Tevatron, with the remainder resulting from quark annihilation. The measurement of this quantity exploits the fact that gluons tend to radiate more low-momentum gluons than quarks. Therefore, initial states with two gluons produce more final-state particles than initial states with quarks. The experimental observable is the number of low-momentum charged-particle tracks that are not close to a jet of hadrons. The observable is defined on data using W boson production with no jets as a clean data sample for theinitial state, and W boson production with one jet as one of several data samples that have a number of gluons in the initial state. DØ run II preliminary (0.9 fb
The distribution of invariant mass of the tt system for events in the DØ single lepton channel with at least four jets and at least one b-tagged jet in 0.9 fb −1 . Superimposed is the expected contribution for a Z with mass of 750 GeV/c 2 (22) .
in the single lepton channel with four or more jets and at least one b-tagged jet, CDF measures the percentage of tt production from gluons to be 7 ± 14 stat ± 7 syst % (21). Many hypotheses beyond the standard model predict new massive particles that could decay into tt. This is the motivation to examine closely the reconstructed mass of the tt system for abnormal peaks over the smoothly falling standard model distribution. Figure 6 shows an interesting though not yet statistically significant feature in the reconstructed mass of the tt system for DØ events in the single lepton channel with four or more jets (22) . With 0.9 fb −1 , DØ excludes a Z boson with mass below 700 GeV/c 2 at 95% confidence level (CL), where the Z has a narrow width of 1.2% of its mass. CDF excludes a Z boson with mass below 720 GeV/c 2 at 95% CL with 1.0 fb
Another interesting feature that is sensitive to new physics is the forward-backward charge asymmetry. The standard model predicts this asymmetry to be small (on the order of 5-10%). If there is a Z boson that has different couplings to left-and right-handed fermions, then the charge asymmetry could be enhanced. Whereas the tt invariant mass is sensitive to narrow Z resonances, the tt production charge asymmetry can be used to search for new massive bosons with wide widths. DØ observes an uncorrected asymmetry of 12 ± 8 stat ± 1 syst % for tt events within the detector's acceptance (24) . CDF observes an asymmetry of 17 ± 7 stat ± 4 syst % (25) .
The supersymmetric partner of the spin-1/2 top fermion is a spin-0 top boson. If this scalar top quark decays to a b quark and chargino, with subsequent chargino decay to a W boson and a neutralino, then this would produce a similar experimental signature to standard model top quark pair production. Experimental consequences would include an increase in the apparent tt rate, and distortions in the event kinematics. DØ has designed a multivariate discriminant to search for scalar top quark pair production in the single lepton channel with four or more jets and at least one b-tagged jet. With 1 fb −1 , the observed upper limit of 6 (12) pb at 95% CL for a scalar top quark mass of 175 (145) GeV/c 2 is a factor of 10 (7) above the theoretical prediction (26).
TOP QUARK DECAY
The large mass of the top quark means that its decay functions as a unique laboratory for tests of the standard model and searches for physics beyond the standard model. In this section, we discuss
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tests of the standard model prediction that the top quark decays to a W boson and a b quark almost 100% of the time. Any significant fraction of light quarks (d or s) from the top quark decay would signal a new physics contribution. As discussed in Section 2.2, the identification of a jet from a b quark is possible with an efficiency ranging from 30% to 60%, depending on the jet energy, whereas the probability of misidentifying a jet from a light quark is not negligible, ranging from 0.1% to 3%. The main idea behind the measurement of the fraction of top quark decays that produce a b quark is to compare the observed numbers of events with zero or one or two identified b jets with the prediction based on the efficiency and misidentification rates measured in control data samples. Specifically, if the top quark decays into a light quark and a W boson, the number of observed events with two identified b jets in the final state will be depleted with respect to the number of events with one identified b jet or none at all. In the single lepton channel, DØ performed a simultaneous measurement of the tt rate and the ratio of the branching fractions for t → Wb to t → Wq , where q is any down-type quark. The ratio was measured at 0.97 ± 0.09 and DØ set a 95%-CL lower limit of 0.79 (27) .
A similar technique, extended to the number of observed leptons in tt events, has been used to probe for top quark decays that do not have a W boson in the final state. In supersymmetric models with a charged Higgs boson that is lighter than the top quark, the t → b H + decay competes with the standard model decay t → b W + . For tan β > 1, the most probable decay is H + → τ + ν τ , so measurement of the branching fraction for t → τ ν τ b is very important (28). For tan β < 1 and H + mass below 130 GeV/c 2 , the most probable decay is H + → cs , so the dilepton channel is suppressed and the all-hadronic channel enhanced. In either case, the number of tt events with electrons and muons in the final state is suppressed. Finally, for tan β < 1 and H + mass above 130 GeV/c 2 , the most probable decay is via a virtual top quark, H + → t * b → W + bb, so the observed number of events with one or two b jets is enhanced. No significant deviations from the standard model prediction have been observed (29) .
Although it is widely believed that top quark is a member of SU(2) isospin doublet together with the b quark and thus must have an electric charge of + 2 3 e, there are theoretical suggestions that the observed particle has a charge of − 4 3 e, whereas the true top quark has higher mass and thus is still undiscovered (30) . Experimentally, the electric charge of the top quark is the sum of the charges of its decay products, which are W + b for the standard model and W − b for this exotic model. The b jet and the W boson are considered the pair with invariant mass that is most consistent with the top quark mass. The electric charge of the reconstructed lepton track trivially defines the charge of the W boson. Determining the electric charge of the b jet is challenging: It is calculated by adding up the electric charges of the tracks reconstructed in the busy environment of the b jet, weighting each track by its momentum component along the jet axis. This so-called jet charge method is calibrated in an independent data dijet sample with high b jet content. The observed distribution in top charge favors the standard model (31) , and the exotic interpretation of the data can be excluded at 87% CL.
Unlike other quarks, the top quark is so short lived that it decays before hadronization; thus the spin structure of the decay is not obscured by hadronization effects (32) . An interesting way to verify the electroweak decay of the top quark to a W + boson and a b quark is to measure the helicity of the W + boson. Recall that helicity is the scalar product of a particle's spin and momentum vectors, where right-handed (left-handed) polarization means that the spin vector points in the same (opposite) direction as the momentum vector, and longitudinal polarization means that the spin vector points at right angles to the momentum vector. In the approximation of zero b quark mass, the parity-violating electroweak interaction will always produce a left-handed b quark. As a consequence of conservation of angular momentum, a right-handed W + boson is CDF run II preliminary (1.7 fb -1 )
Figure 7
Observed angular distribution of the lepton from W boson decay in the W boson rest frame-with respect to the direction of W boson momentum in the top quark rest frame-for the CDF single lepton channel with at least four jets and at least one b-tagged jet, in 1.7 fb −1 (34).
forbidden. A contradictory observation would signal a violation of the electroweak theory or the potential presence of other particles in top quark decay. The large mass of the top quark dictates that 70% of W + bosons have a longitudinal polarization, whereas the remaining 30% must be left handed. Inclusion of b quark mass effects modifies these standard model predictions by less than 1% (33) . In the approximation of zero neutrino and lepton masses, the well-tested electroweak decay of the W + always produces a left-handed ν and a right-handed + . Conservation of angular momentum in the decay of a left-handed W + implies that the + will be preferentially emitted in the same direction as the W + spin, which is opposite to the W + momentum. Therefore, on average, the left-handed W + decays to a + that has lower measured momentum and is closer to the b jet than is the case for longitudinal W + decays. On the other hand, a right-handed W + decays to a + that has higher measured momentum and is further from the b jet than is the case for longitudinal W + decays. In the dilepton channel and the single lepton channel with at least three jets, several kinematic observables are sensitive to the W boson helicity, including the lepton p T and the invariant mass of the lepton and the b jet. Shown in Figure 7 is the angular distribution of the lepton in the W boson rest frame upon full reconstruction of the tt event by a constrained kinematic fit to the more limited statistics in the single lepton channel with at least four jets. Assuming the standard model prediction for the percentage of longitudinal W bosons, CDF found the percentage of right-handed W + bosons from top quark decay to be −4 ± 4 stat ± 3 syst % and set a 95%-CL upper limit of 7% with 1.7 fb −1 . Neither CDF nor DØ found any evidence for significant deviations from the standard model electroweak interaction (34) .
In the standard model, flavor changing neutral current (FCNC) decays are highly suppressed and the branching fraction for t → Zq is predicted to be O(10 −14 ). However, much higher branching fractions, up to 1%, could occur due to physics beyond the standard model (35) . CDF searches in the Z boson with four or more jets final state for tt production where one top quark decays via an FCNC, t → Zq → + − q , and the other decays in standard model fashion, t → Wb →b. With 1.9 fb −1 , the 95%-CL upper limit on the percentage of t → Zq is 3.7% (36).
TOP QUARK MASS
Thanks to the recent advances in the top quark mass measurements, the uncertainty regarding the top quark mass has decreased by a factor of three since 2004. In this section, we first explain a generic reconstruction method for the top quark mass, then discuss the two recent developments that enable the Tevatron experiments to achieve a precision significantly better than anticipated. First, the largest systematic uncertainty on the top quark mass (from the jet energy calibration) is now controlled by a calibration using the jets from the hadronic W boson decay found in these top quark events. Second, a per-event probability technique allows more information to be extracted from the measured energies and angles of the top quark decay products, and reduces systematic uncertainties from background processes. We discuss the interpretation of the measurements of the top quark mass and the W boson mass as a constraint on the mass of the Higgs boson in the standard model and beyond. We concentrate our discussion on the single lepton channel with four or more jets, as it has the single most precise measurement of the top quark mass. In principle, the four highest E T jets are expected to be from the four quarks from tt production and decay. However, this may not be the case due to the effects of initial-and final-state QCD radiation, limited geometric acceptance, and jet reconstruction. The simplest method to reconstruct the mass of the top quark is to calculate the invariant mass of the three jets associated with the quarks in the t → Wb →b decay chain. If we assume that these three jets are among the four highest E T jets, then we find that there are four ways to choose a set of three jets. Thus, there are four possible values for the reconstructed mass of the top quark in each event, although only one correctly reconstructs the decay chain and carries significant information.
The constrained-fit technique, which makes and tests the hypothesis that a given event results from top quark pair production and decay, can obtain much better resolution on the top quark mass (37) . As this technique provides a complete reconstruction of the tt event, it is used in many of the measurements of top quark properties discussed in this paper. Specifically, we can infer the neutrino p T from the missing E T and obtain the neutrino p z from the hypothesis that the lepton and neutrino are from a W boson decay [i.e., by finding the two solutions from the quadratic equation
. Having thus obtained estimates for the four momenta of all six partons in the final state, we observe that there are two constraints imposed on the system: (a) The two jets assigned to W boson decay form an invariant mass close to the W boson mass, so
2 , and (b) the reconstructed top quark masses from the t → Wb →b and t → Wb → νb decay chains have nearly the same value. In order to satisfy the constraints, the momenta of the lepton and the jets must be allowed to vary from their measured values in a constrained kinematic fit. We obtain the best fitted value for the top quark mass (and for the fitted momenta of the lepton, neutrino, and jets that satisfy the constraints) by the minimization of a least-squares estimator, which is constructed from the differences between the fitted and measured momenta of the lepton and jets (normalized by the experimental resolutions) and terms representing the constraints. There are 12 permutations for assignment of jets to quarks, as there are four ways to assign one of the four highest E T jets to the b quark from top quark decay, then three ways to assign a jet to theb quark from antitop quark decay, then one way to assign the remaining two jets to the W →decay products where the order does not change the reconstructed mass. If one of the jets is b tagged, the number of permutations decreases to six as there are only two ways to assign the b-tagged jet to a b quark and three ways to assign one of the remaining three jets to the other b quark. If two of the jets are b tagged, the number of possible values further decreases to two as there are only two ways to assign the two b-tagged jets to the two b quarks. Not forgetting the two possible values of the neutrino p z , we observe that the least-squares estimator is also used to pick which of the 24/12/4 possible event reconstructions is most consistent with the hypothesis of top quark pair production and decay.
The top quark mass measurement requires an excellent modeling of jet fragmentation and an excellent simulation of the calorimeter response to jets. Independent data samples of photon or Z → against a recoiling jet and dijets provide a calibration of the jet energy to 3% (38) , corresponding to an uncertainty of approximately 3 GeV/c 2 on the top quark mass. Now that there are sufficient numbers of tt events in the single lepton and all-hadronic channels, the jet energy scale is more accurately calibrated by the W →decays contained within these events (in situ). If the estimate of the jet energy scale is systematically shifted by a factor k, then the invariant mass of the jets assigned to the W boson decay, M 12 = k 2E 1 E 2 (1 − cos ψ 12 ), is shifted by the same factor. Comparison of M 12 with the known value of the W boson mass allows a determination of the jet energy scale in the same data events used to determine the top quark mass. The important consequence for the top quark mass measurement is that the dominant systematic uncertainty from the jet energy scale now decreases with 1/ √ N tt , where N tt is the number of tt events analyzed. One limitation is that these calibrations are for light flavor jets-not b jets-but of course the top quark mass measurement is more sensitive to the b jet energy calibration. Both CDF and DØ estimate a systematic of approximately 0.6 GeV/c 2 that accounts for relative differences between b jets and light flavor jets due to fragmentation models, semileptonic decay branching fractions, and color flow. A direct calibration of the b jet energy from a sample of photons against a recoiling b jet, which suffers from low statistics at the Tevatron, could be a useful technique at the LHC.
Both initial-and final-state QCD radiation (ISR/FSR) can produce additional jets that can be confused with those from the top quark decay products; ISR also provides an additional boost to the tt system. ISR and FSR can systematically shift the reconstructed top quark mass. The uncertainty on the top quark mass from these effects is estimated by varying the simulation parameters that control the probability for ISR/FSR. For this purpose, CDF exploits the similar initial state of→ Z/γ * → + − and constrains the range of variation via the p T distribution of the lepton pair. DØ studies the number and kinematics of the extra jets in tt events. Both experiments estimate an uncertainty of 0.6 GeV/c 2 . The best resolution on the top quark mass is obtained by assuming the predicted kinematic and angular distributions encoded in the matrix element for standard model top quark pair production and decay. This computationally intensive technique was developed by DØ in 2004 for the single lepton channel (3) . Given the measured values x for the momenta of the lepton and the jets, this technique calculates the probability P s (x|m t ) for them to have been produced by standard model top quark pair production and decay with a particular top quark mass value m t . The calculation is repeated for several discrete values of the top quark mass. One can calculate this probability distribution for each of the 12 permutations of jet assignments to quarks. The multiplication of these 12 probability distributions produces one probability distribution for each event. Note that the correct reconstruction of the event produces a probability distribution that has a maximum around the true top quark mass, whereas the false reconstructions tend to have much flatter probability distributions. In this way, one can consider all 12 choices without the signal disappearing into a swamp of combinatoric background. Thus, this technique has additional statistical power over previous techniques as the information from the correct combination is always included (39, 40) . Although the full probability distributions are used in the measurement, Figure 8 presents the distribution of the single most probable value of the top quark mass (and also of the invariant mass of the pair of jets assigned to the W boson) for each event in the CDF single lepton channel.
The probability is calculated by integrating the leading-order matrix element over quantities that are not directly measured by the detector, namely the momentum of the neutrino, the energies of the quarks, and the momenta of the incoming partons in the initial state (including the effect of ISR potentially giving a boost to the tt system). The lepton momentum and the angular directions of the quarks are assumed to be perfectly measured. However, the broad energy resolution of the measured jet relative to the parent quark is described by a probability to measure a jet energy as a function of the parent-quark energy, which is determined from simulation. Because the numerical integrations required by this technique are very computationally intensive, some of the integration variables undergo transformation from quark energies into the more sharply peaked variables such as the invariant masses of the top quarks and W bosons. Note that the probability for background can also be calculated in a similar fashion, in principle by using the leading-order matrix element for the background process. This allows the construction of a generalized event probability that includes both signal and background. Events with a large background probability thus have diminished influence on the top quark mass, and the systematic uncertainty due to background modeling is reduced.
Recently, researchers have extended this technique to the dilepton (41) and all-hadronic channels (42) . In the dilepton channel, the escape of two neutrinos presents a challenge for the reconstruction of the event and top quark mass. Although 24 parameters are required to describe the momenta of the six final-state particles from tt production and decay, only 23 are determined by the measured momenta of the two leptons and two jets and the kinematic constraints in the tt hypothesis. Several other techniques make additional kinematic assumptions to solve this underconstrained system (43, 44) . In the per-event probability technique, the leading-order matrix element provides a natural weight for the integration over all the unmeasured quantities, including the neutrino momenta, thus yielding an improved reconstruction of the top quark mass. Also, as the background probability reduces the systematic uncertainty due to the background model, the event selection in the low statistics dilepton channel can be relaxed to increase the number of tt events and thus reduce the statistical uncertainty.
In the all-hadronic channel with six jets, the larger number of permutations for assignments of jets to quarks (90, 30, 12 for 0, 1, 2 b-tagged jets) and the large background from multijet QCD present a rather different challenge. The recent measurement by CDF used the tt The portion of the systematic uncertainty from the in situ jet energy scale calibration using the W →is indicated in brackets.
per-event probability both to select the events and to extract the most probable top quark mass (42) . Most promisingly, CDF extracted a calibration for the jet energy from the dijet mass distribution of all pairs of non-b-tagged jets. This has already halved the systematic uncertainty that limited previous measurements in this channel, and the uncertainty will continue to decrease with higher statistics. The combination of the recent best measurements from CDF and DØ in each channel, summarized in Table 1 for run II results, yields a world average value for the top quark mass of 170.9 ± 1.8 GeV/c 2 (45). The CDF and DØ single lepton channel measurements carry a weight of about 40% each. Note that all of the run I measurements together now carry a weight below 10%.
Due to its large mass, the top quark can signficantly affect theoretical calculations in the standard model and beyond. Via quantum loops, the W boson mass is sensitive to the square of the top quark mass, the logarithm of the Higgs boson mass, and to new massive particles from beyond the standard model. A reduced experimental uncertainty on the top quark mass thus translates into a sharper theoretical prediction for the W boson mass and, therefore, a smaller range of possible values for the contributions from other undiscovered particles. The current uncertainty of 1.8 GeV/c 2 on the top quark mass corresponds to an uncertainty of about 11 MeV/c 2 on the prediction for the W boson mass. With the full two-loop electroweak corrections (46) , the other theoretical uncertainties on the predicted W boson mass are on the order of 4 MeV/c 2 . Only three years ago, the three-times-larger uncertainty on the top quark mass completely dominated the uncertainty on the predicted W boson mass.
The single Higgs boson of the standard model is the mechanism for breaking the electroweak symmetry and giving mass to the W and Z bosons while leaving the photon massless. The direct measurements of the top quark mass and the W boson mass, shown in Figure 9 , clearly prefer a relatively light value for the mass of the Higgs boson. The combination of all precision electroweak measurements indicates that the Higgs boson mass is 76± 33 24 GeV/c 2 and that the 95%-CL upper limit is 144 GeV/c 2 (47) . If we include the 95%-CL lower limit of 114.4 GeV/c 2 from direct searches (48), the upper limit increases to 182 GeV/c 2 . There are many other possible models of EWSB, which can have multiple Higgs bosons and many other new particles that would alter the relationship between the W boson mass and the top quark mass. In the minimal supersymmetric standard model, Figure 10 shows that the direct measurements prefer relatively heavy supersymmetric (SUSY) particles (49) . Interpretation in the constrained minimal supersymmetric model prefers a mass of 110 ± 10 GeV/c 2 for the lightest Higgs boson (51) . 
SINGLE TOP QUARK PRODUCTION
In contrast to top quark pair production via the strong interaction, single top quark production proceeds via the electroweak interaction and the rate is directly proportional to the Cabibbo-Kobayashi-Maskawa (CKM) element |V tb | 2 . Both experiments have reported evidence for single top quark production (50, 52) . Without going into too much detail regarding the statistical methods, we review the production properties that have allowed the separation of single top quark production from the copious background processes dominated by W boson production in association with jets.
Feynman diagrams for single top quark production in pp collisions are illustrated in Figure 11 . The theoretical prediction for the rate in the s channel is 0.88 ± 0.11 pb and in the t channel is 1.98 ± 0.25 pb (53) . Because the W →boson decay results in an alljets signature with prohibitively large backgrounds from QCD multijet production, we consider only the W → ν boson decay. The single high-p T isolated lepton provides a trigger for the data sample, and there is also significant missing E T from the neutrino and a high-p T b jet, all from the top quark decay. There are also one or two more associated jets, with one in principle being from a b quark. Unfortunately, the associated b quark from t channel production is typically produced very close to the beam direction and thus is outside the geometric acceptance of the precision silicon tracking detectors, or even of the calorimeter. ISR or FSR can also add light flavor jets. Therefore the experimental signature for single top quark production is a high-p T isolated lepton, missing E T , and two or more jets with at least one b-tagged jet. With an expected signal:background ratio of about 1:20, a simple sequential cut-based analysis would not have enough sensitivity to establish the presence of such a small signal; we must employ more sophisticated analysis methods that combine the subtle discriminating power of many observables.
Extracting a signal for single top quark production is particularly challenging because its distribution in most discriminating variables is between that from tt and W+jets production. Jets produced in association with the W boson tend to be lower in energy and closer to each other than those from single top quark production. On the other hand, jets from tt production in the single lepton (dilepton) channel, where a jet (lepton) is not reconstructed, tend to be higher in energy and more central. A distinguishing characteristic of tt is that two of the light flavor jets are from a W →decay, and, together with one of the b jets, form a top quark whose mass is well reconstructed. Jets from QCD multijet production, where one jet fakes a lepton, are similar in topology to those from W+jets, although the missing E T and the angle between the missing E T and the nearest jet are typically lower.
Figure 11
Feynman diagrams for single top quark production in the s channel (left) and in the t channel (center and right). Figure 12 The distribution of the product of the lepton electric charge and the η of the untagged jet in a region enhanced in single top quark production (event probability discriminant above 0.9) from CDF with 1.5 fb −1 (52).
One feature of the t channel production distinguishes it from all of the background contributions. The outgoing light flavor quark shown in Figure 11 is likely to keep moving in the direction of the original incoming particle; if this incoming particle is an up quark from the proton, then a top quark is produced; if this incoming particle is a down quark from the proton, then an antitop quark is produced. Assuming a simple model of a proton with two up quarks and one down quark, then if the incoming particle is a quark from the proton then twice as many top quarks as antitop quarks are produced. The opposite is true if the incoming particle is from the antiproton. Thus a light flavor jet with positive (negative) pseudorapidity, i.e., moving in the direction of the proton (antiproton) beam, is correlated with a positive (negative) electrically charged lepton from top (antitop) quark decay, as shown in Figure 12 .
Both CDF and DØ use several advanced multivariate techniques to achieve the maximum discriminating power. Artificial neural networks and multivariate likelihoods are common tools in high-energy physics, and the matrix element techniques are similar to those we describe for top quark mass measurement. Decision trees, which are machine-learning techniques with the advantage of a human-readable structure, are used extensively in social sciences but have only recently begun to gain popularity in the high-energy physics community. As in a cut-based analysis, events are selected if they pass or fail a certain cut on a variable; however, the failing events are not discarded but are analyzed further with other selection variables. After each selection chain is terminated, the purity is estimated from independent simulation samples. Boosted decision trees have increased emphasis on training on signal events that were misidentified as background and vice versa. As shown in Figure 13 , a boosted decision tree produces a continuous discriminant (purity) ranging from zero to one with background events clustered towards lower values and signal towards higher values.
We present a summary of the search results for single top quark production in Table 2 . The probability, or p value, for the observed data to have been produced by a fluctuation in the background processes is below 0.1% or three standard deviations for several of the results. Thus, CDF and DØ can claim evidence for single top quark production and have made the first direct measurements of the CKM element V tb with a 20-30% uncertainty. Because both experiments continue to accumulate more data and to refine their search techniques, a discovery claim (which The distribution in 0.9 fb −1 of the DØ boosted decision tree discriminant for regions enhanced in (a) W+jets and quantum chromodynamics (QCD) multijet production, (b) tt production, and (c) single top quark production (50) .
requires a signal five standard deviations above background) is expected in 2008. Looking beyond this discovery, separate measurements of the rates for s channel and t channel production can probe different models of new physics (54) . The s channel is most sensitive to new massive resonances, like a W (55), whereas the t channel is more sensitive to new physics in the tWb vertex, like FCNCs (56). 
OUTLOOK AND CONCLUSIONS
Top quarks have been efficiently collected and studied in detail by the CDF and DØ experiments. This article reviews results with up to 2 fb −1 of pp collision data. The experiments continue to accumulate data and final results on 6-8 fb −1 are expected in 2010. The LHC will produce vast numbers of top quarks due to its higher energy and, in numbers of top quarks produced, even only 1 fb −1 is equivalent to 100 fb −1 at the Tevatron. These results will allow searches for even more massive new particles decaying to top quarks as well as for more subtle signs of physics beyond the standard model in top quark decay (57, 58) .
The measurements of the rate for top quark pair production via the strong interaction are in good agreement with the theoretical prediction. The experimental precision of 15% for the best measurement is similar to that of the theoretical prediction. An interesting challenge is to search for mechanisms of top quark pair production and decay beyond the standard model. This requires careful interpretation and comparison of measurements from many different experimental signatures, as well as dedicated searches for beyond-the-standard-model processes.
Tests of top quark properties-including electric charge, FCNCs, and the helicity of the W boson from top quark decay-are thus far consistent with the standard model predictions. The first evidence for single top quark production via the electroweak interaction in 2007 also provides the first direct measurement of CKM element V tb , with 20% precision, and promises discovery in 2008.
The precision measurement of the top quark mass continues to improve at an astonishing pace. The future is bright, as the largest systematic from the uncertainty on the jet energy scale is now controlled by a calibration from W →decays provided inside the tt events themselves. Most importantly, this systematic will continue to decrease as the experiments accumulate and analyze higher statistics samples of tt events. In 2009, the Tevatron experiments expect to reach a combined precision of 1 GeV/c 2 on the top quark mass with 4 fb −1 . An interesting phase transition in the top quark mass measurement occurs at this time for several reasons. First, further improvement at hadron colliders is limited by several other systematic effects that obscure the top quark mass, including radiation of soft gluons and calibration of the energy of jets from B hadrons. Second, the uncertainty on the top quark mass is no longer the dominant uncertainty on the standard model prediction for the W boson mass. Third, this is the time when the indirect constraint on the Higgs boson mass from precision electroweak measurements and calculations is put to the test by the results of direct searches at the Tevatron and the newly commissioned LHC.
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